The dynamic behavior of single crystals of Ag 2
I. INTRODUCTION
This investigation was undertaken for the express purpose of .studying the plastic behavior of single crystals under conditions of impulsive loading with specific emphasis on the-significance of the dynamic behavior of dislocations to the formulation of the mathematical theory of plastic wave propagation. For this objective single crystals of the hexagonal phase containing 67 atomic percent Ag and 33 atomic percent Al were selected for study because of the variety of dislocation mechanisms they are known to exhibit under conditions of slow deformation.
1 It will be shown that when the plastic deformation is controlled by an athermal dislocation mechanism, the deformation stress is insensitive to the strain rate and temperature. In contrast, when the motion of dislocations at low temperatures is thermally activatable, the flow stress increases with an increase in strain rate and a decrease in temperature. However thermally activated deformations which are dependent on diffusion are supplanted by other mechanisms when the strain rate is so high that there is insufficient time for diffusion to take place.
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•• "',. For the purpose of studying the two slip systems of the hexagonal close-packed structure, specimens were oriented for basal slip by the { 00013 <! 120> mechanism or for prismatic slip by the {rroo] {t 120)
mechanism. Both compression and shear tEStS. were performed. For the compression tests, cylindrical rods, one-half inch in diameter by orie inch in length, were oriented for maximum resolved shear stress on the particular slip system tested as shown in thermocouple was attached directly to the specimen to measure the temperature. The electric strain gages on the input and output bars were water cooled and operated at room temperature .
Method of Analysis:
The method of analysis for the dynamic compression tests followed that previously described by Hauser, Simmons and Darn; from which the resolved shear stresses and shear strains were obtained. Analogous techniques were used in the shear tests from which the shear stress on the slip plane and the shear-strain rate over the operative gage section were determined. Although the shear-type tests were introduced primarily to study prismatic slip, their accuracy was established by comparison with compression types of test for basal slip. As will be shown, data obtained from the shear types of dynamic test agree well with those from compression types of dynamic test. Inasmuch as the previously reported data was obtained from single crystal tension tests, a number of "static" compression tests were also made for purposes of comparison.
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III. EXPERIMENTAL RESULTS

Basal Slip:
The shear stress versus shear strain curves for basal slip at 300°K obtained from the various techniques that were employed are shown in Fig. 3 . In general these various test techniques, despite the wide range of strain rates that were employed, give almost identical stress-strain curves. Certain minor differences, however, are apparent:
whereas a single Luder's band formed in the slow tension test giving only an initial yield point, the slow compression test gave a serrated stressstrain curve suggestive of a rapid relaxation of the stress followed by either a reinitiation of the migration of the first band or the ge'aera'tion .
of a second·Luder's band front, etc. It was not determined whether this difference arose as a result of a harder compression test set up or as a result of the differences in stress concentration at the Luder's band front in compression as compared with tension. The dynamic compression test also revealed serrations over the first part of the test, which were much greater than those usually observed that arise exclusively from the dynamic test conditions. In contrast, the stress-strain curves obtained from the dynamic shear tests were almost free from such serrations.
The nominal identity of the resolved shear stress versus resolved shear strain curves obtained by the various techniques clearly justify the use of the dynamic shear type of tests ·m this case. The results of all tests for basal slip are summarized in Table I . The upper yield point was selected from the maximum initial stress level whereas the lower yield point was selected from the minumum stress level following yielding.
The resolved shear stress at the upper and lower yield· strengths for basal slip are recorded in Fig. 4 as a function of temperature. Since the oxide coating has been found to affect the strength of single crystals, errors introduced by atmospheric te-sting at high temperatures were investigated. Two crystals .J.rere heat treated in air at 650°K, the oxide coating removed from one,_ and then bothwere tested at 77°K. Since the difference in stress was within the scatter of the data, any effect due to the surface oxide was discounted.
The increase in the yield strength with increasing temperature is therefore ascribed to the operative dislocation mechanism.
Twinning:
As expected compression specimens favorably oriented for slip on the prismatic plane twinned by the operation of the two most favor- -12·-
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One dynamic test was run in which the stress was unloaded after 40 }J-sec. This specimen was identical for those which were stressed for the full 200ft sec. in that the twins. completely traversed the crystal and ·,. their average width was the same .. However, there were fewer twins, indicating that the observed flow stress may be primarily due to the formations of new twins and not to the grcwth of existing ones. Since twinning was not a major issue for this investigation, the definitive study . of twinning was postponed for more detailed future investigations. . will now demonstrate that the experimental results can be rationalized in terms of Suzuki locking.
As shown in Fig. 9 , when dislocations on the basal plane of a hexagonal CP structure dissociateJthey form a stacking fault two atomic layers high (2h) per mole in the stacking faults e>f pure hexagonal Al and pure hexagonal Ag.
-21-UCRL-10789 (i.e., face-centered cubic phases). The equilibrium condition is given by (4) Introducing the experimentally determined stress at the upper yield as representative of the Suzu¥-i unlocking stress !j1 s' Eqns. 2 and 4 were solved simultaneously to give 'f: Af {)'Ag as a function of temperature.
Such simultaneous solutions, however, are only valid above about 400°K
since the composition C at lower temperatures refers to the frozen-in ., increase in strain rate at a constant temperature leads to results equivalent to a decrease in temperature at constant strain rate. The dynamic test data. therefore. suggest that for the high strain rates encountered in the dynamic · tests. the low-temperature thermally activated process is operative over all of the test temperatures that were examined. It is expected. of course.
that the diffusion controlled mechanismfor prismatic slip. seen in Region III. would not have time enough to be operative under. high strain rates that were used in the dynamic tests. We will now demonstrate that the extent of Region I increas~s _with an increas.e in .strain rate .and that the slow tension test data obtained in Region I ,are wholly consistent with the dictates of the Peierls mechanism. Furthermore. we will show· that all of the dynamic data are also in fair qualitative agreement witnpredictions based on the Peierls process. where L is the geometrically determined distance over which the pair of kinks move, <? is the density of the freely movable dislocations, ' V is the Debye frequency, W is the width of the critical size of loop, and kT has its usual meaning. Eqn. 6, which assumes that only one pair of kinks is migrating in L at one time, must be replaced by a slightly more complicated relationship, as shown by Dorn and Rajnak~3 when several kinks move at the same time in the geometric length L. Eqn. 6, however, will be adopted here because it predicts results in good agreement with the present experimental data.
Eqn. 6 is valid only up to a critical temperature, Tc , because the necessary thermal fluctuations at T and above are so frequent that even c for an infinitesimal stress, no wait time is needed for nucleation of a pair of kinks. For this critical condition, Eqn. 1 becomes (7) Since W appears in the pre-exponential term and is furthermore only mildly sensitive to t"', it can to a first approximation be treated as substantially constant. Therefore, for a given strain rate, ~ and L constant, Eqns. 6 and curve fitted to j -: : : ; . . pat T = 0 and l =.()at T = Tc.
We will now explore the dynamic test data for prismatic slip. For this purpose the best fit curve, shown broken in Fig. 8 , was placed through whereas no twinning was encountered in the slow tension tests. Nevertheless.
the general trends are consistent with the predictions based on the Peierls mechanism with modifications due to tv.tinning in the dynamic tests.
C. Plastic Waves
All theories of plastic wave propagation are based on the equations for dynamic equilibrium and the conditions for continuity and therefore differ from each other only with respect to the constitutive equations that describe the dynamic elastoplastic behavior of the material.: Using only the Hugeniot equations for equilibrium and the condition for continuity, the velocity 1 1i
of the propagation of a wave down a thin longitudinal bar is given by (11) where [cr) = the shock in the engineering stress J [ £ J = the shock in the total engineering strain) and ~ is the density of the material. For crystalline material, however.
the shock in total strainJ [e] /an only refer to the shock in elastic strain, (12) where ~ is the rest energy and c is the velocity of an elastic shear wave. at a 'dislocation which was orig.inally at rest, the dislocation remains at its original position but -it accelerates. Because there can be no abrupt change in tpe position of dislocations ·as a result of a shock in stress. there can be no shock in plastic strain. Therefore the shock in the total shown can only equal the shock in elastic strain and Eqn. 11 always reduces to J (13) where E is ,Young's modulus of elasticity .. · Sine e the inertia of dislo~ations is, yery small,~ they ace elerate rapidly to their limiting velocity. This concept has also been experimentally verified -32-
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All mechanisms of dislocation motion involve the absorption of energy.
Therefore as a shock passes through material the stress level at the front of the shock is continually reduced by plastic deformation at the wave front until the stress decreases to such a low value that finally only elastic straining results at the shock front. Three classes of cases deserve consideration as shown in Table II .
Both Class I and Class II phenomenon give flow stresses that depend on the strain rate; the Liebfried equation for the interaction of phonons with dislocations, however, gives only small changes in stress with strain rate.
The effect of strain rate on the flow stress can be great for several of the Class II phenomenon. This is easily verified in terms of the discussion in the text of this report on the Peierls process. For both Class I and Class II processes, however, the constitutive equations must be formulated in terms of the stress and strain rate as well as the strain. And under these conditions the plastic wave problem should be solved by means of the techniques suggested 17 by Malvern.
Under dynamic conditions however, as previously discussed, the diffusion controlled processes do not have time enough to take place and will be superceded by other mechanisms.
If over the entire low temperature range only the athermal processes of Class III are operative, the deformation stress will depend only on the strain. Suzuki locking was the example given in the text. In this event the plastic wave propagation theory can be most readily approached by the von Karman and Taylor 18 types of theory. 
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